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Toughening mechanisms in elastomer-modified 
epoxies 
Part 1 Mechanical studies 
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General Electric Co., Schenectady, New York 12301, USA 
Some brittle epoxies can be toughened significantly by the addition of an elastomeric phase. A 
great deal of controversy still exists on the nature of the toughening mechanisms. In this work 
tensile dilatometry at constant displacement rates was used to determine whether voiding, 
crazing or shear banding are the deformation mechanisms. Diglycidyl ether-bisphenol A 
epoxies toughened by various levels of several types of carboxyl-terminated butadiene nitrile 
liquid rubber were studied. The results indicate that at low strain rates the rubber particles 
simply enhance shear deformation. At sufficiently high strain rates the rubber particles cavitate 
and subsequently promote further shear deformation. No indication of crazing as an important 
toughening mechanism is found. No significant effect of rubber particle size or type can be 
ascertained. 
1. Introduct ion 
It is well known that some brittle epoxies can be 
toughened by an order of magnitude by the addition 
of a rubbery phase, yet a great deal of controversy still 
exists on the nature of the toughening mechanisms. 
Much of the dispute surrounds the issues of whether 
the rubber [1-3] or the matrix [3-11] absorbs most of 
the energy, and whether the matrix undergoes massive 
crazing [4, 5, 10, 11] or simple voiding [3, 6-9]. 
Presumably, once the mechanisms responsible for the 
increased toughness are clearly identified, then the 
material parameters responsible for these mechanisms 
can be enhanced or modified to produce an optimal 
combination of properties. 
Several principal mechanisms have been proposed 
to account for the toughnes of these epoxies and are 
briefly reviewed here. 
1.1. Toughening by crazing 
McGarry and co-workers [4, 5] found that small 
(< 0.1 #In) rubber particles did not toughen epoxies, 
whereas large (1 to 22 #m) particles increased the frac- 
ture toughness (measured as the strain-energy release 
rate, G~c) by at least an order of magnitude. In study- 
ing the biaxial yield behaviour of these epoxies, Sultan 
and McGarry [5] found that the yield criterion could 
be expressed in a modified Von Mises form: 
Toot = to--  #P (1) 
where Zoct is the octahedral shear stress, t0 is the critical 
octahedral shear strength of the material, P is the 
mean hydrostatic pressure and # is the pressure coef- 
ficient. /~ is > 0 and expresses the sensitivity of the 
material to the hydrostatic stress component. For 
both an unmodified epoxy and an epoxy modified by 
a highly soluble carboxyl-terminated butadiene nitrile 
rubber (CTBN), which resulted in small (40 nm) par- 
ticles,/~ was found to be 0.175. However, for an epoxy 
modified by a less soluble CTBN rubber, which resulted 
in large (1.2#m) particles, two pressure coefficients 
were necessary to describe the failure locus:/~ = 0.210 
in the first (tension-tension) quadrant, and/~ = 0.175 
in the rest of the biaxial stress field. This result, together 
with the stress-whitening observed in the first quad- 
rant, suggested to them that microcavitation at the 
crack tip was the toughening mechanism. They identi- 
fied this microcavitation as crazing. This mechanism 
was cited by several workers [12, 13] to explain the 
toughness of other rubber-modified epoxies. 
Stress-whitening can be caused by voiding as well as 
crazing [14, 15]. Simple voiding of or around the 
rubber particles could also have produced the 
increased pressure coefficient (larger #) observed. 
Studies on other rubber-modified systems show that 
voiding and crazing result in very similar macroscopic 
biaxial tensile failure behaviour [16]. It can be argued 
that if the yield behaviour observed by Sultan and 
McGarry is due to crazing, then a crazing criterion, 
such as the one proposed by Sternstein and Ongchin 
[17], would have described the data more closely. 
Unfortunately, the scatter in the data is such that 
either of the two criteria mentioned above can des- 
cribe the first-quadrant data equally well. The micro- 
graphic evidence by these workers [4, 5, 12, 13] 
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supports the idea that simple voiding in or around the 
rubber particles is a major deformation mechanism. 
No concrete evidence for crazing was presented. 
rubber particles alone. A recent publication by these 
workers [26] on low-temperature results continues to 
support their model. 
1.2. Toughening by shear f low and crazing 
Bucknall and co-workers [18] proposed that massive 
crazing and shear flow are the two energy-absorbing 
mechanisms in rubber-modified plastics. They used 
tensile creep dilatometry to study these mechanisms in 
rubber-modified epoxies [10, 11]. In their analysis they 
assume that shear flow creates no volume change, 
whereas crazing does; therefore, the slope of the 
volume strain A V/Vo against longitudinal strain e~ 
curve equals zero for a pure shear-flow process, and 
equals unity for a pure crazing process. Intermediate 
slopes would be produced by proportionate mixing of 
the two processes, i.e. a Rule of Mixtures was assumed. 
Using this type of technique they found that in rubber- 
modified epoxies volume strain increased with rubber 
content, as did fracture toughness, and they concluded 
that a combination of shear flow and massive crazing 
were the toughening mechanisms. They also showed 
an electron micrograph of a single craze in epoxy [11, 
18]. However, other workers have found [14, 15, 19] 
that volume dilation cannot be unambiguously and 
exclusively attributed to crazing; voiding can also 
cause volume dilation [20]. These latter results 
indicate that other types of evidence for massive craz- 
ing must be presented to corroborate the volume 
strain data. In fact doubts as to the existence of crazes 
in a tightly cross-linked glassy polymer have been 
voiced by several authors [1, 2, 21, 22] despite reports 
of their having been observed [11, 23, 24]. As far as the 
toughening mechanism is concerned, the real question 
is not whether crazes exist in cross-linked glassy poly- 
mers, but how much they contribute to the toughness 
of these materials. Since Bucknall and co-workers [10, 
I l] did not present micrographic evidence to demon- 
strate the existence of massive crazing, its being a 
toughening mechanism for these epoxies is doubtful. 
1.3. Rubber s tretching and tearing 
A quantitative model was recently advanced by Kunz 
[1] and Kunz-Douglass et al. [2] based on the idea that 
elastic energy stored in the rubber during stretching is 
dissipated irreversibly when the particles fail. This is 
the only model proposed thus far that attributes the 
toughness enhancement of rubber-modified epoxies 
entirely to the rubber particles. This quantitative 
model can account for an increase of a factor of two 
in the fracture toughness, which was the amount 
found by these authors. Unfortunately, others [3-11] 
have found increases that are an order of magnitude 
greater. The rubber-modified epoxies prepared by 
Kunz and co-workers [1, 2] achieved a level of tough- 
ness much lower than that obtained in the present 
investigation, as well as typical values reported in the 
literature. The discrepancy in the reported toughness 
values points out a common problem in these materials, 
i.e. the sensitivity of the material properties to the 
conditions of curing [25]. The work by Kunz and 
co-workers has perhaps quantified the order of mag- 
nitude of the contribution to toughness from the 
1.4. Cavitation and plastic zone formation 
Bascom and co-workers [3, 6-9] found that in rubber- 
modified epoxy adhesives, plastic zone sizes are directly 
related to the toughness. They proposed that cavita- 
tion caused by the triaxial tension ahead of the crack 
tip increases the size of the plastic zone and that plastic 
flow of the epoxy matrix and elongation of the par- 
ticles also contribute to the toughness [3]. In agree- 
ment with Bascom and co-workers, Kinloch et al. [27] 
presented TEM and SEM micrographs to support the 
notion that cavitation and plastic shear yielding of the 
epoxy matrix are the microdeformation mechanisms 
occurring at the crack tip that dissipate energy and 
produce the toughening effect. 
It is clear from the foregoing review that the issue of 
the toughening mechanism in elastomer-modified 
epoxies is far from settled- nearly every possible 
mechanism has been proposed and has found some 
support. The purpose of this work is to fill in some of 
the missing information and to elucidate the defor- 
mation mechanisms in these complex materials. The 
mechanical studies are reported in this part. Part 2 [28] 
contains the results of studies using various micro- 
scopy techniques. Part 3 [29] extends the studies to the 
effect of cross-link density. 
2. Experimental procedure 
2.1. Materials 
The materials used in our investigation consisted 
of Epon 828, which is a liquid diglycidyl ether of 
bisphenol-A (DGEBA) produced by Shell Chemical 
Co. It was cured with piperidine, which was used as 
received (Aldrich Chemical Co.). The rubbers used 
were Hycar R CTBN 1300X8, Hycar CTBN 1300X13 
and Hycar CTBN 1300X15 produced by the B. F. 
Goodrich Chemical Co. These are liquid copoly- 
mers of butadiene and acrylonitrile with carboxyl end- 
groups. The manufacturer's published properties for 
these liquid rubbers are shown in Table I. Bisphenol-A 
(BPA), a resin-modifier used in these studies, was a 
reagent-grade solid 4-4'-isopropylidienediphenol from 
the Aldrich Chemical Co. 
T A B  L E I Properties of  Hycar  CTBN rubbers 
Property Designation 
1300X15 1300X8 1300X13 
Viscosity, Brookfield 55 000 125 000 625 000 
(mPa sec) or cP at 27 ~ C 
(81 ~ F) 
Carboxyl content  (%) 2.47 2.37 2.40 
Molecular weight 3500 3500 3500 
Functionality 1.9 1.85 1.85 
Acrylonitrile content  (%) 10 17 27 
Solubility parameter  8.45 8.77 9.14 
Heat loss, 2 h at 130 ~ C < 2.0 < 2.0 < 2.0 
(266 ~ F) (%) 
Specific gravity at 25 ~ C 0.924 0.948 0.960 
(77 ~ F) 
2463 
T A B L E I I Notation for rubber-modified Epon 828* 
Amount Type of Amount Designation Tg 
of BPA Hycar of rubber (~ C)t 
(phr) CTBN (phr) 
rubber 
0 0 828 84.2 
0 1300X8 5 828-8(5) - 
0 1300X8 10 828-8(10) 85.6 
0 1300X8 15 828-8(15) - 
0 1300X8 20 828-8(20) 87.5 
0 1300X8 30 828-8(30) 82.4 
0 1300X15 5 828-15(5) - 
0 1300X15 10 828-15(10) 84.2 
0 1300X15 15 828-15(15) 
0 1300X15 20 828-15(20) 89.4 
0 1300X15 30 828-15(30) 86.1 
0 1300X13 5 828-13(5) - 
24 0 828-BPA(24) 104.4 
24 1300X8 5 828-BPA(24)-8(5) 100.6 
24 1300X8 10 828-BPA(24)-8(10) 
24 1300X8 15 828-BPA(24)-8(15) 97.6 
24 1300X8 20 828-BPA(24)-8(20) 90.5 
* 5 phr (parts per hundred parts resin by weight) piperidine was used 
for all material. 
tDetermined by differential scanning calorimetry at 20~ rain -1 
from second heating. 
The first set of  materials investigated consisted of  
100 parts Epon 828, 5 parts piperidine and 0, 5, 10, 15, 
20 and 30 parts Hycar  CTBN. The second set of  
materials consisted of  100 parts Epon 828, 24 parts 
BPA, 5 parts piperidine, and 0, 5, 10, 15, and 20 parts 
Hycar  CTBN. These materials were cured at 120~ 
for 16 h in a TeflonR-coated mould. 
To designate the various rubber-modified materials 
the notation shown in Table I I  is adopted. 
2.2. Fracture toughness measurements 
In this investigation fracture toughness is measured in 
terms of the critical strain-energy release rate, Gic. 
These values are in turn calculated from critical stress- 
intensity factor (KIc) values using the relationship 
G,c = KZc/E (2) 
where E is the Young 's  modulus experimentally deter- 
mined in uniaxial tension. KI~ values are determined 
using single-edge-notched (SEN) type specimens in a 
three-point bend (3PB) geometry using the relation- 
ship 
6 PrS  all2 
Klc = Yaya  1/2 = Y -~ tw-----~ 
where Y is a shape factor, O'y is the stress at failure, a 
is the crack length, Pf is the load at failure, S is the 
length of  the span, t is the specimen thickness and w 
is the specimen width. The shape factor Yhas the form 
(a) Y = 1.93 - 3.07 + 14.53 - 25.11 
--[-25.8 (-~) 4 
K~o is determined by performing a least-squares fit 
to a plot of  O'y against a -  1/2, and computing the slope 
of  the line. These SEN-3PB specimens have the 
dimensions of  l l m m  x 6 m m  x 100nm. Sharp 
cracks are initiated by tapping with a hammer  on a 
razor blade which has been immersed in liquid nitro- 
gen. This crack-initiation procedure results in very 
sharp cracks. The absence of plastic zones ahead of  
the initiated crack was verified in several samples by 
examining a thin section of the specimen between 
crossed polarizers. This technique is discussed in Part  
2 of  this series [28]. These specimens are tested on a 
screw-driven Instron machine at a crosshead rate of  
2 .12mm sec 1 using a span of 66mm. The load 
against time trace is recorded using a strip chart 
recorder. Initial crack lengths are measured from 
the fracture surfaces using an optical microscope. 
Initially, seven or more SEN-3PB specimens per 
material were tested to determine Klc. However, the 
relationship between O-y and a-1/2 was found to be very 
linear for both neat and elastomer-modified epoxies. 
The required minimum number  of  specimens was 
therefore reduced to four. 
2 .3 .  Uniaxia l  t ens i l e  d i l a t o m e t r y  
The tensile dilatometry technique used in this investi- 
gation is modelled after that used by Bucknall and 
co-workers [18], except that a constant displacement 
rate, rather than constant load, was used. Parts of  the 
present technique are described elsewhere [15]. Dog- 
bone shaped specimens having gauge-section dimen- 
sions of  12.7mm width x 6 .3mm thickness x 
60 m m  length and overall length of ~ 150 m m  were cut 
from cast epoxy plaques with a high-speed router and 
a steel template. Cut surfaces were polished with fine 
emery paper. F rom two to three specimens of each 
material were tested at each set of  conditions. This 
small number  of  specimens was sufficient to establish 
unambiguous trends in behaviour for each material 
and each set of  testing variables. A servohydraulic 
testing machine (either an Instron or an MTS machine) 
was used at rates up to 254mm sec -1. Two exten- 
someters with the requisite sensitivity were used to 
measure the longitudinal and width strains. The thick- 
ness strain was assumed to be identical to the width 
strain. The load and the two displacements were 
simultaneously recorded into a four-channel digital 
oscilloscope with 12-bit (0.025%) resolution. This 
oscilloscope is also equipped with data-processing 
capabilities, so that the stress and the two strains and 
the volume strain were all directly calculated. These 
results were either recorded on to an X - Y  plotter or 
stored on magnetic discs for later use. The volume 
strain A V/Vo is calculated using the formu!a 
AV 
- (1 + e , ) ( 1  + st) 2 -  1 (3) 
v0 
where A V is the change in volume, II0 is the original 
volume, and el and et are the longitudinal and trans- 
verse engineering strains, respectively. The experi- 
ments were performed at constant displacement rates, 
which means that the strain rate was approximately 
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Figure 1 Initial volume percentage of  rubber added against volume 
percentage of  rubber precipitated as determined by transmission 
electronmicroscopy. (O) 828-8, (El) 828-15, (/,) 828-BPA(24)-8. 
value is reported here as the strain rate, 4. The initial 
slopes of the stress-strain curves are reported here 
as the Young's modulus, E. The maximum in the 
engineering stress is reported here as the yield stress, 
O-y. In those cases where the material formed a neck, 
i.e. at low rates, A V/Vo is reported only up to the yield 
strain, ey, which is defined as the strain where ay was 
reached. Indeed, one shortcoming of the present 
technique is that volume changes in a localized zone, 
such as in a neck, cannot be assessed. 
3, Results and discussion 
3.1. Mo rpho logy  
Transmission Electron Microscopy (TEM) of osmium 
tetroxide (OsO4) stained rubber-modified materials 
was performed to investigate the differences in mor- 
phology and determine the percentage of rubber vol- 
ume [28]. Typically, the rubber particles appear to be 
a single phase without glassy occlusions, and with a 
sharp interface between the rubbery phase and the 
epoxy matrix. The 828-BPA-8(15) material (see Table 
II) is an exception in that it contains 2 to 10 #m rubber 
particles with a "salami-type" structure similar to that 
of rubber particles found in high-impact polystyrene, 
i.e. there are spherical glassy occlusions in the rubber 
particles. Fig. 1 is a plot of the initial volume percen- 
tage of rubber added against the volume percentage of 
rubber which has precipitated out, as measured by 
TEM. Typically, most of the CTBN precipitates out. 
However, the 828-BPA-8(15) material shows an 
apparent excess of precipitated CTBN due to epoxy 
occlusions in the largest rubber particles. 
A quantitative analysis using the Schwartz-Saltykov 
method [31] on TEM micrographs containing a total 
of at least 86 rubber particles is performed to deter- 
mine the rubber particle size distribution. Three types 
of rubber particle diameter distribution are found: (i) 
a nearly monodisperse distribution for all the 828-8 (5 
to 20phr) systems (1 to 2#m) and for the 828- 
BPA(24)-8 (5 to 10phr) systems (~0.5#m);  (ii) a 
polydisperse distribution for the 828-15 (5 to 30phr) 
systems (1 to 10/lm); and (iii) a bimodal distribution 
for 828-BPA-8(15) (<  1 #m and 2 to 10#m). The par- 
ticle size distribution for the 828-15 series is shown in 
Fig. 2. 
3.2. Fracture toughness 
Figs 3 to 5 show that a linear relationship exists 
between O-y and a -'/2 for the neat resin as well as the 
elastomer-modified resins, including those with 30 phr 
elastomer. These results support the use of linear elastic 
fracture mechanics. Consequently, K~c may be easily 
converted to Gjc by using the Young's modulus of each 
material. However, as tougher materials are tested 
(Glc > 2 k Jm -2) there is evidence - the load-deflec- 
tion curves show a slight curvature - that G~o would 
be more accurately determined using an elastic energy 
type method. 
The critical strain-energy release rate, G[c , is plotted 
against the rubber content for three rubber-toughened 
epoxies in Fig. 6. These toughness values are some- 
what lower than those published by other investi- 
gators, perhaps because a higher degree of plane- 
strain constraint was achieved or simply because our 
initial cracks were sharper. These results show that 
fracture toughness is a strong function of rubber con- 
tent, but not significantly dependent on the rubber 
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Figure 3 Dependence of  failure stress ay on crack length a for Epon 
828. Kit = 0.63 M N m  -3/2. 
epoxies, containing ~ 1 #m diameter rubber particles, 
are not significantly tougher than the Hycar CTBN 
1300X15 modified epoxies, which has ~ 5  to 10#m 
diameter rubber particles. The BPA-modified epoxies 
are even tougher than the previously mentioned 
epoxies at the 5 to 10 phr elastomer level, even though 
the particle diameters are submicrometre in size. We 
will attempt to show later that this is n o t  a particle-size 
effect. It is important to note that the sizes of the 
stress-whitened zones formed in front of the starter 
cracks increase as G~c increases. The formation of 
these plastic zones results in enhanced toughness. The 
microscopic mechanisms which lead to these plastic 
zones are elucidated by tensile dilatometry. 
3 . 3 .  U n i a x i a l  t e n s i l e  p r o p e r t i e s  
Having shown that the epoxies prepared in these 
experiments are indeed toughened to a comparable 
extent to those reported in the literature, we now 
characterize their deformation behaviour in uniaxial 
tensile tests. The dependence of the tensile modulus on 
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Figure 4 Dependence of  failure stress ay on crack length a for 
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Figure 5 Dependence of  failure stress Cry on crack length a for 
828-15(30). Kit = 2 . 0 6 M N m  -3/2. 
approximately linear decrease of the moduli for the 
828-8 and 828-15 series of materials is expected, and 
can be modelled quite well on a volume fraction basis 
by Kerner's equation, assuming a negligible modulus 
for the rubber. The large dispersion in the size of the 
rubber particles in these two series has no significant 
effect. The BPA-modified resin series has lower moduli 
in the composition range tested. At 15phr rubber 
there is a more significant drop-off in the modulus 
because the rubber particle size distribution has 
become very broad, and the larger particles contain 
glassy occlusions. 
The yield stress of the 828-8 series exhibits a linear 
decrease with rubber content (Fig. 8), as for the modu- 
lus. By comparison, the 828-15 series exhibits a more 
rapid initial drop-off. We interpret this to be due to the 
existence of large numbers of small rubber particles 
between the large ones in the latter series. At 20 phr 
the 828-15 material now has a relatively uniform dis- 
tribution of particle size (Fig. 2); thus the yield stress 
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Figure 6 The strain-energy release rate G]c as functions of  rubber 
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Figure 7 Dependence of tensile modulus on rubber content for three 
types of modifier: (t) 828-8, (1:3) 828-15. (zx) 828-BPA(24)-8. 
material. A similar argument  can be made to explain 
the rapid drop-off  of  the yield strength of  the BPA- 
modified series, again because at higher rubber con- 
tent many small rubber particles exist between the large 
ones. Implicit in this interpretation is the assumption 
that the particles interact with each other, so that the 
effect of  the particles is much more than that of  simply 
replacing the matrix by a certain volume fraction of 
low-strength and low-modulus material. That  such 
might be the case is further supported by the much 
faster decrease in the yield strength than in the 
modulus as rubber content increases. 
The rubber particles interact in yet another manner: 
they apparently speed up the relaxation time of  the 
composite. In Figs 9 to 11 the yield stresses of  the 
828-8, 828-15 and the 828-BPA(24)-8 series of  epoxies 
are plotted against the logarithm of  the strain rate. In 
the neat resin (828) the yield stress rises with increas- 
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Figure 8 Dependence to tensile yield stress on rubber content for 
three types of modifier: (o) 828-8, (O) 828-15, (A) 828-BPA(24)-8. 
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Figure 9 The effect of strain rate on the tensile yield stress of 828-8 
materials: (O) 828, (D) 828-8(10), (zx) 828-8(15), (O) 828-8(20). 
rate sensitivity". It comes about  presumably because 
the stress required to accelerate the relaxation rate 
such that it matches the externally applied strain 
rate - which is when yielding occurs - must go up 
with the strain rate. As rubber particles are added, 
however, the strain-rate (8) sensitivity systematically 
decreases in all these series. Thus it appears that the 
composites are behaving as if the intrinsic relaxation 
rates are higher than in the neat resins. We now specu- 
late on the cause of this phenomenon. As the com- 
posites are deformed, stress concentrations develop 
around the rubber particles. When the particles are 
sufficiently close to each other, the stress-concentra- 
tion fields overlap. In the regions of  overlap the 
relaxation rate is locally accelerated. This 
phenomenon of  strain-accelerated relaxation has been 
noted elsewhere [30]. We shall show in a subsequent 
paper  [28] that shear bands are indeed formed locally 
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Figure 10 The effect of strain rate on the tensile yield stress of 828-15 
materials: (O) 828, (D) 828-15(10), (zx) 828-15(15), (O) 828-15(20). 
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Figure 11 The effect of  strain rate on the tensile yield stress of 
828-BPA-8 materials: (O) 828-BPA(24), (n)  828-BPA(24)-8(5), (zx) 
828-BPA(24)-8(10), (O)  828-BPA(24)-8(15). 
between rubber particles in the directions where maxi- 
mum shear-stress concentration overlap is expected to 
occur. These observations can be extended to predict 
that the tougher epoxies will also have ductile-brittle 
transitions at higher rates of deformation, and, equiva- 
lently, at lower temperatures. 
Adding rubber particles has the expected effect, 
namely that both the Young's modulus and the nomi- 
nal yield stress decrease with increasing rubber con- 
tent; and increasing the rubber content does not sig- 
nificantly increase the elongation to break. By com- 
parison, strain rate has a more significant effect on 
ductility. The modulus of the 828-BPA(24)-8 system 
deviates from linear dependence on rubber content. 
This is probably due to the significant difference in the 
morphology of the rubber particles, namely the exist- 
ence of glassy inclusions. The yield stress of the 828-15 
system also shows significant deviation from the linear 
dependence on rubber content, and is lower than the 
yield stress of the 828-8 system by ~ 5 to 10%, except 
at 20 phr rubber. Since the moduli of the two systems 
are very similar, the lowering of the yield stress must 
be due to additional non-linear processes that occur 
near yield. The broad distribution of particle sizes in 
this system, which results in small interstitial particles 
in between the larger particles in the 5, 10 and 15 phr 
systems, may be the cause for the reduction in yield 
stress. The effect of void size distribution on the yield 
and ductility of elastoplastic solids has been modelled 
[20, 32-34] with results that generally agree with the 
observations made here. The particle size distribution 
of the 828-15(20) system is more uniform; hence its 
yield stress is nearly the same as that of the 828-8(20) 
system, which also has a very uniform particle size 
distribution. 
The well-known effect of strain rate on the yield 
stress is also observed in these experiments. The 
strain-rate dependence of the yield stress of the 
various materials can be described approximately as 
log-linear. The slight curvature could be due to a 
dispersion in the relaxation processes. In the rubber- 
modified systems, the rate dependence of the yield 
stress decreases as the rubber content goes up. This 
suggests that the relaxation rate in the matrix is 
accelerated [30]. 
3 . 4 .  T e n s i l e  d i l a t o m e t r y  
Engineering stress-strain data were obtained simul- 
taneously with volume-strain data during the uniaxial 
tensile dilatometry experiments. In the interest of 
brevity not all the stress-strain and volume-strain 
curves are presented in this paper; only those that 
represent typical effects of the variables are presented. 
To aid in the interpretation of the data obtained from 
these tests both stress-strain and volume-strain curves 
are presented in the same graphs. 
Fig. 12 shows the yield and volume dilation behav- 
iour of Epon 828 neat resin at various strain rates. 
At ~ = 3.2 x 10-Ssec ~, the pronounced maxi- 
mum and subsequent drop in the nominal stress is 
impressive. From the amount of volume dilation 
(0.4%) and tensile strain at yield (4.2%), it can be 
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Figure 12 Upper curve: engineering stress strain 
behaviour of Epon 828 at 27 _+ 3 ~ C and a strain rate 
of 3.2 x 10 5sec-t. Lower curves: dependence o f  
volume strain on longitudinal strain at various strain 
rates; ( ) 3.2 x 10 -5 , ( . . . .  ) 3.2 x 10 -3 , ( - - - )  
3.2 x 10 - 2 , ( - -  )3.2 x 10 I sec-t. 
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Figure 13 Upper curves: engineering stress strain 
behaviour of 828-BPA at 27 +_ 3 ~ C and three strain 
rates; ( - - - )  3.2 x 10 2, ( . . . .  ) 3.2 x 10 -3 , (- ) 
3.2 x 10 -5 sec-l. Lower curves: dependence of volume 
strain on longitudinal strain at various strain rates; 
( ) 3.2 x 10 -5 , ( . . . .  ) 3.2 x 10 -3, (- 
3.2 x 10 2,( .-)3.2 x 10 l sec-I. 
calculated that the true yield stress is higher than the 
nominal stress by only approximately 3.8%. By 
assuming that the material deforms after the yield 
point at constant volume, the correction for true stress 
is only an additional ,-~ 3.3%, i.e. a total correction of 
7.1% at rupture. Thus, the true stress behaviour also 
exhibits a pronounced intrinsic strain-softening effect. 
Visual inspection during the tests indicates that in the 
neat resin, shear-band formation occurs after the load 
drop. This observation is in agreement with the behav- 
iour of  the volume-strain curves, which are discussed 
in the next paragraph,  where the levelling off and 
subsequent decrease of  the A 12/V0 curve is interpreted 
to be the result of  shear-band formation. 
Fig. 12 also shows a plot of  volume strain (AV/Vo) 
against elongational strain (el) at 27 + 3~ for 
several strain rates. The initial, approximately linear, 
port ion of these curves is due to homogeneous defor- 
mation with a constant lateral contraction ratio, i.e. a 
constant rate of  dilation. Before the yield stress is 
reached, A V/Vo exhibits a maximum, followed by a 
subsequent decrease. This maximum signifies the 
onset of  the shear-flow process. Note that the apparent 
volume decrease is mostly an artefact due to the 
inability of  the extensometers to measure strains when 
localized shear-banding occurs. The curves plotted 
here are terminated at the strain where gross necking 
takes place. The effect of  increasing strain rates is one 
of delaying and increasing the A V/V o maximum in a 
manner  similar to its effect on the yield stress. In other 
words, at increasingly high strain rates the shear-flow 
process is retarded. 
The tensile dilatometry data of  the BPA-modified 
Epon 828 neat resin is shown in Fig. 13. By com- 
parison with Epon 828, this material has a lower 
modulus, reaches the maximum in the nominal stress 
at a slightly higher strain, and exhibits a less pro- 
nounced intrinsic softening. Shear bands were also 
observed in the fractured tensile specimens. Again, the 
effect of  increasing the strain rate is to delay the depar- 
ture from linearity in both the stress and the volume 
strain. The deviation from linearity in the stress strain 
curves is clearly due to the onset of  a shear-flow 
process even before the maximum in stress is reached. 
It is interesting to note that the shear-flow process in 
this material is more severely retarded by increasing 
strain rates than in Epon 828. 
We now turn to the epoxies toughened by 10#m 
diameter rubber particles (828-15 materials) and 
examine the effects of  strain rate and rubber content. 
Fig. 14 is a plot of  the tensile dilatometry data taken 
at 27 + 3~ with varying rubber content. The 
volume-strain curves show an initial constant A I)/V0 
portion followed by an increasing A I2/V 0 portion 
which is indicative of  a voiding process. These are then 
followed by decreasing A 12/V0, signifying the onset of  
the shear-flow process. Increasing rubber content 
delays the onset of  the voiding process. The effect of  
strain rate on AV/Vo of the 828-15(20) material is 
shown in Fig. 15. Again, high strain rates delay the 
shear-flow process and promote  voiding. 
The effects of  strain rate and rubber content on the 
deformation of the epoxies toughened by ~ 1 #m rub- 
ber particles (828-8 materials) were also studied by 
tensile dilatometry. Fig. 16 contains a plot of  stress 
and A 12/V0 against el at 27 _+ 3 ~ C with varying rubber 
content. The curves again show an initial constant 
A l) 7 V0 portion and, by comparison with Fig. 12, some 
signs of  voiding. In this case, however, the amount  of  
voiding does not increase with rubber content as it 
does in the 828-15 system. The 828-8(20) material 
shows evidence for enhanced shear flow at low el. The 
apparent  lack of  dependence of  the volume strain on 
rubber content is evidently due to the low strain rate. 
The effect of  strain rate on the 828-8(20) material is 
shown in Fig. 17. Here increasing strain rates are 
shown to retard the shear-flow process and promote  
voiding. This behaviour points out the difficulty in 
attempting to determine the deformation mechanism 
during impact by using low strain-rate tests [15]. 
The epoxies toughened with both BPA and CTBN 
rubber were also studied using the same tensile dilato- 
metry technique. Fig. 18 contains a plot of  AV/V o 
against el at 25 _+ 3~ with varying rubber content. 
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At 5 and 10phr rubber the AF/I/o curves show a 
constant A I2/V 0 portion and then the onset of  the 
shear-flow process. At 15phr the A V/Vo curve indi- 
cates a slight voiding process because beyond 
~1 = 3% it exhibits only a constant AV/Vo behaviour. 
The effect of  strain rate on the volume-dilation behav- 
iour of  the latter material is shown in Fig. 19. Two 
distinct types of behaviour are noted. At low rates the 
material behaves as if the rubbery phase were not 
present, but at high rates voiding takes place where 
shear-banding would have occurred at the lower rates. 
It is evident that the shear process is very rate-sensitive 
in this material. 
Increasing the rubber content invariably promotes 
either homogenous or localized shear. Subsequent 
behaviour depends on the strain rate. It appears that 
increasing the rubber content also increases the maxi- 
mum volume strain at high rates. This is confirmed by 
SEM micrographs, to be shown in a separate paper 
[28]. These results also suggest that particle-particle 
interaction increases with rubber content. 
In most cases the effect of  strain rate on the mode 
Figure 14 Upper  curves: engineer ing s t r e s s - s t r a i n  
behav iour  of  828-15 at var ious  levels of  rubber  content ;  
( - . - )  5, ( . . . .  ) 10,. ( ) 15, ( ) 20 phr .  Lower  
curves:  effect o f  rubber  con ten t  on vo lume  strain.  
Strain rate 3.2 x 10 2sec-I ,  t empera tu re  27 ___ 3~  
of deformation is surprisingly significant. At low rates 
the volume-strain behaviour of  some of  the rubber- 
modified materials appears to be no different to that of 
the neat resin. The accelerated voiding process is evi- 
dent only at higher rates. The voiding region is 
sometimes followed by a region of decreasing volume- 
strain rate. This is strongly indicative of  shear localiz- 
ation promoted by the presence of numerous voids. 
The effect of strain rate on the neat resins demon- 
strates that the shear-flow process is retarded by high 
rates. When rubber particles are added the ability of 
the matrix to form shear bands is enhanced by these 
stress concentrators. However, as inhomogeneous 
shear deformation becomes increasingly difficult with 
high rates, the hydrostatic tensile stress component is 
unrelieved. At this point, either interfacial failure 
between the rubber and the matrix or cohesive failure 
in the matrix or the rubber itself has to take place, 
resulting in increasing volume strain. SEM micro- 
graphs [28] give conclusive evidence that the hydro- 
static tensile stress is relieved by cavitation and frac- 
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Figure 15 U p p e r  curves:  engineer ing s t r e s s - s t r a i n  
behav iour  o f  828-15(20) at  var ious  s train rates; ( ) 
3.2 x 10 -5 . ( . . . .  ) 3.2 x 10 -3 , ( -  ~ 3.2 x 10 -z, 
G - ~  3.2 x 10 -1 see -1. Lower  curves: effect of  s t rain 
rate on  the vo lume  strain behaviour .  Tempe ra t u r e  
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Figure 16 As in Fig. 14, but for the 828-8 system; 
( . . . .  ) 10, ( - ) 15, ( - - )  20 phr. At this strain rate, 
the dependence of the volume strain on the rubber 
content is insignificant. 
4. Summary and conclusions 
With the exception of the 828-13 system, the rubber- 
modified epoxies have been shown to be toughened 
over the neat resins by over an order of  magnitude. 
The toughening effect is made possible by the for- 
mation of a two-phase system, the rubber having 
precipitated out of the mixture during the polymeriz- 
ation process. The difference in the solubility due to 
acrylonitrile content causes the rubber to precipitate 
out into spherical particles with diameters ranging 
between 0.1 and 10/~m. The toughness is found to be 
primarily a function of  rubber content. The effect of 
rubber particle size is, on the whole, not significant. 
On the other hand, the BPA-modified matrix, which 
has a slightly lower modulus and yield stress, produces 
a significant increases in toughness when rubber- 
modified. At room temperature and above, the uni- 
axial stress-strain behaviour of  the neat resins 
exhibits a surprising amount  of ductility. These 
materials yield with a maximum in the true stress, 
followed by intrinsic strain-softening. The strain- 
softening is caused by the formation of shear bands. 
The localization of  the shear deformation causes the 
volume strain to exhibit a maximum. This maximum 
occurs at increasingly high strains as the strain rate 
increases. The retardation of  the shear localization 
process by increasing strain rates is undoubtedly an 
important factor in the brittleness of the neat resins in 
crack propagation. While the shear localization 
process is retarded, the volume strain increases. The 
bulk strain energy increases roughly as the square of 
the volume strain, so the inability of  the shear localiz- 
ation process to take place exacts a penalty in the 
building up of bulk energy. Thus, any mechanism that 
facilitates the shear-localization process, or, alter- 
natively, dissipates the bulk strain energy, would 
enhance the toughness. The rubber particles appear to 
do both. 
The tensile volume-dilation behaviour of the two- 
phase rubber-modified epoxies appears to be very 
similar to those of the neat resins at low rates. The rub- 
ber particles definitely enhance the shear localization 
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Figure 17 As in Fig. 15, but for the 828-8(20) material; 
( ) 3.2 x 10 5, ( . . . .  ) 3.2 x 10 3, (___)  
3.2 x 10 z,(  . )3 .2  x 10-1sec I. 
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process, as evidenced by the maximum in the volume 
strain following Poisson's-effect dilation9 At suf- 
ficiently high rates, however, when the neat resins 
typically dilate at a nearly constant rate almost up to 
the yield point, the rubber particles cause the material 
to expand to a higher rate than the neat resin. In a 
separate paper [28] micrographs will be presented that 
will show that this expansion is caused by cavitation of 
the rubber particles. The cavitation is followed by the 
onset of the shear localization process, which would 
not have taken place in the neat resin under the same 
conditions. Thus, the rubber particles dissipate the 
bulk strain energy by cavitation; and, at the same 
time, the shear-strain energy is allowed to build up to 
the point where shear yielding can take place9 The 
voids left behind by the cavitated rubber particles act 
further as stress concentrators. Theoretical model cal- 
culations show that they reduce the octahedral shear 
stress to yield [32] and they grow and promote the 
formation of  plastic zones between voids [20]. Shear- 
band formation is enhanced in such a voidy solid [33, 
34]. All these theoretical predictions are consistent in 
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Figure 18 As in Fig. 14, but for the 828-BPA(24)-8 
system; ( 9 ) 5, ( - - - )  10, ( ) 15 phr. 
In the fracture of  these materials containing sharp 
cracks, the stress configuration is somewhat different 
from the tensile case. A zone of high hydrostatic ten- 
sion exists ahead of the crack tip. The hydrostatic 
tension causes rapid cavitation of  the rubber and 
growth of  the resultant voids, micrographic evidence 
for which will be shown in a separate paper [28]. In the 
tensile dilatometric studies, cavitation of the rubber 
occurs at a tensile strain of ~ 2 to 3%, and the maxi- 
mum additional volume strain caused by the cavi- 
tation is but a fraction of  one per cent. In any case, it 
is reasonable to extrapolate from the tensile dilatometry 
results that, in the case of  crack propagation, a zone 
of voids and shear bands is formed ahead of the crack 
tip as soon as stress is applied to open up the crack 
faces9 This voided zone blunts the crack, causing it to 
behave as if it had a much larger crack-tip radius. This 
blunt crack, upon the application of further tension, 
causes an even larger plastic zone to form. Thus, a 
large volume of material above and below the crack 
plane is caused to undergo plastic deformation. It is 
the creation of  this plastic zone that is the principal 
toughening mechanism. The crack, in the meantime, 
Figure 19 As in Fig. 15, but for the 828-BPA(24)-8(15) 
material; ( ) 3.2 • 10 -4 , ( . . . .  ) 3.2 • 10 -3 , 
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Figure 20 A schematic representation of the deformation processes 
ahead of  a crack tip. F rom top to bottom: a crack is subjected to a 
load in the opening mode; increasing displacement and load causes 
the rubber particles in a zone ahead of  the crack tip to cavitate; on 
further loading, cavities grow larger, with those at highest stress 
levels initiating shear bands; finally, if the strain energy continues to 
increase, the critical level is reached and unstable (fast) fracture 
Occurs. 
propagates through the voided plane when the liga- 
ments between the voids can no longer support the 
tensile stress. The fracture process described above is 
schematically depicted in Fig. 20. 
The proposal advanced here, that plastic zone 
formation is the principal toughening mechanism, 
finds support also in the work by Bascom and 
Cottington [7] on the fracture toughness of rubber- 
modified epoxy adhesive joints. These workers found 
that the fracture toughness of epoxy adhesive joints is 
strongly dependent on the thickness of the joint. When 
the joint thickness is too small, the fracture toughness 
is low. Maximum toughness is attained when the joint 
thickness is about the same as the height of the plastic 
z o n e .  
The rubber particles appear to play an important 
role. They first enhance shear localization by acting as 
stress concentrators. Then, as bulk strain energy 
increases, cavitation takes over and dissipates the 
energy, making further shear localization possible. 
Although the different types of rubber produce par- 
ticles of different sizes, distributions and internal 
structures, the role played by them appears to be quite 
similar. No major effects due to particle size differences 
have been observed. This result contradicts the con- 
clusions of Sultan and McGarry [5], but it should be 
pointed out that the smallest rubber particles they 
studied were 0.040 #m in diameter, much smaller than 
those studied here. The 828-BPA(24)-8(15) system, 
which has a bimodal distribution in rubber particle 
sizes, shows high toughness; but the supposed extra 
toughness enhancement due to bimodal size distribu- 
tion, most recently studied by Bascom et al. [9], is not 
conclusively demonstrated here. 
The dilatometric results show no evidence that 
massive crazing, which exists as a toughening mech- 
anism in some thermoplastics, exists. These results 
contradict the conclusion of Bucknall and Yoshii [10], 
Sultan and McGarry [5] and Riew and co-workers [12, 
13]. It should be emphasized that the possibility of 
crazing in cross-linked epoxies cannot be completely 
discounted by the present work. Based on available 
evidence, crazing is not an important energy-dissipa- 
tion mechanism in the toughening of these epoxies. 
In a subsequent paper [28] the nature of the plastic 
zone at the crack tip is examined using several micro- 
scopy techniques. The effect of cross-link density on 
ductility and toughenability of elastomer-modified 
epoxies will be examined in another future paper [29]. 
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